We have investigated the temperature-dependence of the upper critical field H c2 (T) in a LiFeAs single crystal by direct measurements of resistivity under static magnetic fields up to 36 T. We find in the case of a magnetic field H along the ab-plane that H c2 with a finite Maki parameter. We also discuss the implications of multi-band effects and spin-orbit 2 scattering based on the finding that the estimated Pauli-limiting field is generally much larger than the BCS prediction in the Fe-based superconductors.
the superconducting gap and N(E F ) is the density of state at the Fermi level E F . For a BCS superconductor where 2Δ(0) = 3.52k B T c , H P (0) becomes H P BCS (0) = 1.84T c .
The actual H c2 of real materials is generally influenced by the both orbital and spin-paramagnetic effects. The relative importance of the orbital and spin-paramagnetic effects can be described by the 
Since α is known to be the order of Δ(0) / E F , α is usually << 1. However, in materials with a heavy electron mass or multiple small Fermi pockets, E F can become quite small to result in α ≥ 1, yielding a possibility of realizing the Fulde-Ferrel-Larkin-Ovshnikov (FFLO) state, in which inhomogeneous superconducting phases with a spatially modulated order parameter and spin polarization is stabilized. 8, 9 In the Fe-based superconductors, in which five d-orbitals can contribute to the Fermi surfaces, multi-band effects should be also considered in the orbital-limiting mechanism. Based on the experimental studies of the well-known two band superconductor MgB 2 , the multi-band effects are expected to result in either quite linear or even upward curvature in the H c2 (T) curves near T c .
increase down to lowest temperatures and γ H is ~ 2 -4 near T c and reduces toward 1 at low temperatures possibly due to the band warping effects. [15] [16] [17] [18] [19] On the other hand, experimental evidence for the spin-paramagnetic effects are also accumulating in the Fe-based superconductors. An oxygen deficient LaFeAsO showed a steep increase in H c2 (T) near T c , followed by a saturation behavior around T c / 2, suggesting a strong spin-paramagnetic effect. 20, 21 We also found clear evidence for a dominant Pauli-limited H c2 behavior in a stoichiometric '11' system (Fe(Te,Se)); both 
22-24
Moreover, we have recently suggested that the spin-paramagnetic pair-breaking effect should be also considered in the '122' system, based on the observations of robust pseudo-isotropic H c2 (0) behaviors and the flattening in the H c2 ab (T) curve at low temperatures in a broad doping range and in various forms of the '122' materials. 18 Therefore, it is of prime importance at this stage to check whether the other Fe-based superconductors are also subject to such mixed pair-breaking processes, i.e. both multi-band-orbital-and Pauli-limiting effects. III. RESULTS IV. DISCUSSION
A. Application of the WHH model
The temperature-dependence of H c2 determined by the orbital and spin-paramagnetic effect in one band, dirty-limit superconductors is given by the WHH formula,
where
)(H c2 (T) / |dH c2 / dT| Tc ), α is the Maki parameter, and λ so is the spin-orbit scattering constant. 39 When λ so = 0, H c2 (0) obtained from the WHH formula satisfies the relation,
which is originally derived by K. Maki. 7 In Fig. 3 , we note that the experimental H c2 curves for both H 
, where e is the charge of the electron, c is the velocity of light, k B is the while the RRR of LiFeAs corresponds to the second largest. All these observations clearly support that LiFeAs is a clean superconductor being subject to both multi-band orbital-and Pauli-limiting effects.
It is interesting to find that the obtained Maki parameter α (0.9) is close to 1, which is a necessary condition for stabilizing the FFLO ground state in a clean limit superconductor. In a recent H c2 (T) study for LiFeAs grown by the Bridgman technique, a clean limit theory was indeed applied to claim a possible realization of the FFLO state. 37 Our present findings in the H c2 (T) behavior also supports that LiFeAs grown by the Sn-flux may be close to such an instability. Upon further tuning of the sample quality, it might be worthwhile to check the possible realization of the FFLO ground state by other experimental tools e.g., heat capacity and neutron scattering.
E. Enhancement of the Pauli-limiting field
To estimate the actual Pauli-limiting field H P (0) in various Fe-based superconductors, we rewrite the H P (0) as
, which can be derived from Eqs. (1) and (3). Δ / μ B shows that H P (0) can be enhanced by either strong coupling effect (i.e., Δ increases due to strong electron-boson coupling or strong correlation effect) or significant spin-orbit scattering (i.e., λ so ≠ 0.0, resulting in g < 2). 43, 44 Therefore, to properly understand the physical origin of the enhanced H P (0) over H P BCS (0), it seems of importance to have reliable information on Δ and λ so. Herein, we discuss the possible origin for the enhancement of H P (0) in each system based on the available Δ and λ so data.
It is worthwhile to reemphasize that LiFeAs is quite clean as compared with the other '11' or '122' systems as discussed in Section D. It is thus expected that the spin-orbit scattering is negligible in LiFeAs. Our fit results implying λ so = 0 in Fig. 3 is also consistent with this reasoning. The strong coupling effect is then a most natural mechanism to explain the enhanced H P (0) Fig. 7 . In this effort, we did not include the experimental data in which only a single superconducting gap has been observed because it is uncertain whether the observed single gap can correspond to either the small or the large gap. In other words, we strictly focus on the cases where multiple gaps are confirmed in these supposedly multi-band Fe based superconductors and thereby mitigate the errors in the Δ L estimation, which may come from the sample characteristics or the limits in the measurement techniques. Based on this criterion to plot Fig. 7 , we discuss below the correlation between those two quantities and its implication in each Fe-based superconductor.
In the '11' system, the multi-gap feature was recently found to form 2Δ L / k B T c ≈ 4 -8.3 and 2Δ S / k B T c ≈ 0.8 -4 in optics, 49 μSR, 50 STS, 51 and specific heat studies. 52 It is thus important to note that the 2Δ L enhancement factor, corresponding to ~ 1 -2.4 times of 2Δ BCS , is generally larger than that of LiFeAs, indicating that the strong-coupling effect in the 2Δ L is more pronounced than the '111' case.
This observation is consistent with the result in Fig. 7 that the enhancement factor of H P (0) in the '11' system is ~ 2.6 times of H P BCS (0), which is clearly larger than that of LiFeAs (1.3 -2). This finding thus supports again that the enhanced Pauli-limiting field in the '11' system can be linked to the enhancement of the large superconducting gap. 53 On the other hand, it should be noted that the '11' system apparently appears dirtier than the other Fe-based superconductors. For example, those observations of large normal state resistivity, small RRR values, and large |dH c2 ab / dT| Tc constitute evidence for the dirtiness in the '11' system as compared with '111'. In this dirty limit, the spin-orbit scattering could not be overlooked and might also play a role in a pair breaking process in the '11'
system. To be consistent with this scenario, in our previous work based on the WHH fitting, the finite In both partially hole-doped (Ba,K)Fe 2 As 2 and electron-doped '122' systems, the multi-gaps were observed and their magnitudes that can be roughly divided by two groups were indeed similar; the 2Δ L / k B T c ≈ 7 -10 and 2Δ S / k B T c ≈ 1.7 -4.5 were observed in ARPES, [56] [57] [58] Andreev reflection, 59 and STS measurements. 60 For (Ba,K)Fe 2 As 2 , the factor of H P (0) enhancement is 1.4 -2 and this H P (0)
value seems roughly consistent with the gap enhancement factor, 2 -2.8. However in the electrondoped system, the H P (0) is enhanced by ~ 5 times of H P BCS (0), which is clearly much bigger than the gap enhancement factor. We find in Fig. 5 that the electron-doped system has particularly small α =~ 0.4, showing that the effect of the spin-paramagnetic pair-breaking is rather small. In other words, the orbital pair breaking effect should be more important in the electron system than the hole-doped one.
This observation implies that the correlation between the enhancement factors of H P (0) and Δ L can becomes apparent only when the effect of the spin-paramagnetic pair-breaking becomes rather large. This is understandable because the proportionality relation between the Pauli-limiting field and the superconducting gap was indeed extracted by assuming only the Pauli-limiting effect without the orbital limiting effect. It is further worthwhile to mention that in the weak Pauli-limiting regime where the large value of H P (0) > 170 T is predicted as in the electron-doped system, the actual H P (0) value would be very sensitive to a small variation of the Maki parameter. It is also suggested that the origin of the relatively weak Pauli-limiting effect in the electron-doped '122' system should be further understood based on e.g., its electronic structure or orbital character in the Fermi surface.
IV. CONCLUSIONS
In summary, we have investigated the temperature-dependence of the upper critical fields in a clean 
